Abstract-When a "classical" current control scheme is applied, the line current of a boost power-factor-correction (PFC) converter leads the line voltage, resulting in a nonunity fundamental displacement power factor and in important zero-crossing distortion in applications with a high line frequency (e.g., 400-Hz power systems on commercial aircraft). To resolve this problem, a currentcontrol scheme is proposed using duty-ratio feedforward. In this paper, the input impedance of the boost PFC converter for both the classical current-loop controller and the controller using duty-ratio feedforward are derived theoretically. A comparison reveals the advantages of the proposed control scheme: a low total harmonic distortion of the line current, a resistive input impedance, virtually no zero-crossing distortion, and a fundamental displacement power factor close to unity. The theoretical results obtained are verified using an experimental setup of a digitally controlled boost PFC converter.
I. INTRODUCTION

I
N power-factor-correction (PFC) converters operating in the continuous conduction mode, the behavior of the currentcontrol loop determines how accurately the input current tracks the desired waveshape. Since the behavior of this loop is influenced by the impedance of the electromagnetic interference (EMI) filter and the unknown time-dependent line impedance, guaranteeing stability of the converter under all circumstances is not obvious. For the "classical" control loop using the measurement of the input voltage, this problem is studied in [1] and [2] . Where the method presented in [1] provides a general rule of thumb, a more rigorous method using the state-space-averaged model is described in [2] . To increase the robustness of the current-control loop against variations of the impedance at the input of the converter, the insertion of a low-pass filter in the measurement circuit of the input voltage is suggested.
Another popular, more recent control method is the nonlinear carrier (NLC) control. This control method distinguishes itself from the "classical" control method by the absence of the input voltage measurement. To obtain a resistive input in a boost PFC converter either the switch current [3] or the diode current [4] The authors are with the Electrical Energy Laboratory (EELAB), Department of Electrical Energy, Systems and Automation (EESA), Ghent University, B-9000 Ghent, Belgium (e-mail: vandesype@eesa.UGent.be; degusseme@eesa.UGent.be; alex.vandenbossche@UGent.be; jan.melkebeek@UGent.be).
Digital Object Identifier 10.1109/TIE. 2004.841127 are first integrated and then compared to a nonlinear carrier. This control method can also be applied to active rectifiers based on topologies different from the boost converter [5] . In [6] a general pulsewidth modulator is derived that allows one to easily implement different control algorithms without input voltage measurement for various topologies of PFC converters. One of the controllers for the boost topology presented in [6] , which catches the eye due to its simplicity, was derived independently in [7] . For this controller the switching waveforms for the switch in the boost PFC converter are derived by a straightforward comparison between the inductor current measurement and a sawtooth carrier. The amplitude of the sawtooth waveform is determined by the output voltage controller. For reasons of price, the control algorithms for single-phase PFC converters are in most cases implemented as analog circuits [1] - [8] . With the advent of fast digital signal processors (DSPs) embedding control peripherals such as pulsewidth-modulation (PWM) generation units, AD converters, etc. (e.g., TMS320C2XX from Texas Instruments, ADSP-2199X from Analog Devices, and DSP56800 from Motorola), new and more complicated control algorithms become feasible. For the near future, as the ratio price/performance of DSPs is expected to decrease further, there is a fair chance that the analog control circuits will be abandoned in favor of digital implementations. This tendency can also be illustrated by the recent interest in digital control of PFC converters [9] - [12] .
General design issues and peculiarities for the digital control of boost PFC converters were discussed in [9] and [11] . Since the measured control signals in converters often contain a significant ripple and high-frequency oscillations at the switching instants, special attention must be paid to the sampling instants in digitally controlled boost PFC converters. Sampling algorithms that guarantee high frequency switching noise immunity for boost PFC converters are presented in [10] and [12] . Fig. 1 shows the circuit diagram employed. For the purpose of digital control, the analog control variables (the inductor current , the input voltage and the output voltage ) must be converted into digital quantities by the analog-to-digital converter. The process of sensing the control variable, amplifying the sensor output to the appropriate range and the analog-to-digital conversion, can be represented by a division of the analog control variables by their respective reference values ( and, ) . The obtained digital dimensionless quantities ( , and ) are used by the digital controller to act on the duty ratio of the switch . The objective of the digital controller is to maintain a constant output voltage while guaranteeing low harmonic content of the line current . When a "classical" current control scheme is applied, the line current of a boost PFC converter leads the line voltage , resulting in a nonunity fundamental displacement power factor and in important zero-crossing distortion for applications with a high line frequency (e.g., 400-Hz power systems on commercial aircrafts). In [13] this problem is solved by inserting a first-order low-pass filter in the input-voltage measurement circuit. However, a complete compensation would require a digital adaptive filter instead of a simple low-pass filter. In this paper the problems with nonunity fundamental displacement power factor and zero-crossing distortion are solved by using a current-control scheme with duty-ratio feedforward. This current-loop controller was already shown in [8] , but as this paper focussed on the design of a fast voltage-loop controller, the current-loop controller was only mentioned briefly. The extra circuit complexity and cost related to an analog implementation of the current-loop controller in [8] may not always counterbalance the advantages of the control scheme. However, using a digital controller, the increased controller complexity results in only a few extra lines of programming code. Consequently, the current-loop controller using duty-ratio feedforward is revised. In this paper, the input impedance of the boost PFC converter for both the classical current-loop controller and the controller using duty-ratio feedforward are derived theoretically. A comparison of the two controllers reveals the advantages of the proposed control scheme: a low total harmonic distortion (THD) of the line current , a resistive input impedance, almost no zero-crossing distortion and a fundamental displacement power factor close to unity. The theoretical results obtained are verified using an experimental setup of a digitally controlled boost PFC converter.
II. SWITCH VOLTAGE
Assuming a perfect sinusoidal line voltage , the voltage at the input of the boost converter is a rectified sinusoid with angular frequency (Fig. 2) . Considering only half a line period (with the line period), the input voltage can be expressed as
The average switch voltage (of the switch in Fig. 1 ) required to obtain an inductor current identical in waveshape to the input voltage in the time interval , can be expressed ( Fig. 2 ) using complex notation (2) with , the emulated conductance at the input of the boost PFC converter. By taking into account that , the average switch voltage becomes (3) with (4) Hence, the average switch voltage should be as indicated by the dotted line in Fig. 2 : a "rectified" sinusoid delayed over a time , with a magnitude slightly larger than the input voltage and with a discontinuity at the zero crossing of the line voltage. For a boost converter operating in continuous conduction mode the average switch voltage is (5) with the duty ratio of the switch and the output voltage. As the output voltage of a boost PFC converter is always positive and the duty ratio is limited between 0-1, the average switch voltage must always be positive. However, according to (3) and Fig. 2 (dotted line), the average switch voltage should be negative at the zero crossing of the line voltage. This discrepancy causes the so-called cusp distortion. Since the switch voltage cannot become negative, it remains zero during the time until the inductor current is back on track (Fig. 2) . The time can be calculated using the differential equation of the boost inductor (6) By using (1), the differential (6) can be integrated over a time (7) The desired inductor current is , with given by (1). Expressing that the switch voltage remains zero until the inductor current is back on track, yields (8) For small the goniometric functions of (8) can be approximated by their second-order polynomials 
III. DUTY-RATIO FEEDFORWARD
A. Current Controller Using Duty-Ratio Feedforward
As a resistive input is a desirable feature for a PFC converter [15] , the task of the current-loop compensator consists of forcing the inductor current to be identical in waveshape to the input voltage. Hence, the current-loop compensator should reconstruct, as accurately as possible, the average switch waveform of Fig. 2 (black line) from the inductor current error. Since the time delay between the input voltage and the average switch voltage is usually very small (in our case less than 20 s), both waveforms are almost identical. Therefore, the average switch voltage is reconstructed better by adding the value of the input voltage to the output of the current-loop compensator. Consequently, the current-loop compensator only has to compensate for the small difference between and instead of compensating for entirely. This results in a smaller inductor current error and a better tracking of the commanded inductor current. The forwarded switch voltage becomes (11) By considering (5) for a boost converter operating in continuous conduction mode, the forwarded duty ratio is (12) The resulting control scheme is depicted in Fig. 3 . The controller consists of a "regular" path and a feedforward path. For the regular path, the inductor current error, the difference between the inductor current and the commanded inductor current , is scaled (division by , see also Fig. 1 ) and supplied to the current compensator . The output of the compensator is passed on to the pulsewidth modulator ( Fig. 1) with as transfer function . The commanded inductor current is acquired by multiplying the filtered input voltage (the input voltage filtered by a low-pass filter) with the equivalent input conductance . This commonly employed current control scheme is extended with a duty-ratio feedforward path implementing (12) . The output of the feedforward path is multiplied with a constant that is allowed to be either 0 or 1, corresponding to the current-loop controller without or with duty-ratio feedforward, respectively.
B. Input Impedance
If the output voltage of the boost PFC converter is not constant, the feedforward path (12) introduces a nonlinearity in the control path. To calculate the input impedance of the boost PFC converter with a feedforward current control loop, linearization is required. Using capitals for steady-state values and hatted small letters for small excursions from steady state, the linearized version of the nonlinear feedforward path (12) becomes (13) Taking into account that and , allows one to derive the small-signal transfer function of the current loop controller (Fig. 3 ) (14) The response of the boost converter can be expressed as (15) By eliminating the duty ratio in (14) and (15), the inductor current of the converter becomes (16) Hence, the small-signal input impedance is (17), shown at the bottom of the page.
To avoid any influence of the unknown line impedance on the basic operation of the boost PFC converter, it is necessary to insert the input capacitor ( Fig. 1 ) with an impedance much smaller than the impedance of the inductor at the switching frequency. Under these circumstances, the line impedance will have a negligible influence on the ripple waveform of the inductor current, which allows one to derive (15) . Consequently, the input impedance cannot be considered separately from the impedance of the capacitor . Therefore, the total input impedance is defined as (18)
C. Different Transfer Functions for a Digitally Controlled Boost PFC Converter
To obtain quantitative values for the input impedances (17) and (18), the transfer functions of the different blocks in the digital controller of the boost PFC converter are required. As the different transfer functions were derived in [11] , [12] , and [14] , the results are listed only briefly in this paper.
• For reasons of stability a low-pass filter is inserted in the signal chain of the input voltage [2] . As low-pass filter, a first-order analog filter was inserted before the ADC (19)
• Though the current compensator is implemented digitally, the transfer function of its continuous equivalent is used with good accuracy (20)
• As modulator, a uniformly sampled symmetric-on-time modulator is used. In [14] a frequency-domain model for this modulator was derived. Taking into account an extra delay of half a switching period for the calculation of the control output, the modulator response can be derived (in the frequency domain) (21)
D. Discussion of Results
The inductor current (16) of a boost PFC converter with a current-control loop is determined by two external inputs: the input voltage and the output voltage . While the response to the input voltage results in an input impedance (17), the reaction of the inductor current to a change of the output voltage is considered to be a disturbance. The transfer function from this disturbance to the inductor current is When no feedforward is applied , disturbance rejection is achieved by making the denominator of (22) large, i.e., by choosing a compensator with a large gain. As a proportional plus integral (PI) compensator (20) has a high gain for "low" frequencies and, since the output voltage is in most cases a slowly changing signal due to the large output capacitor (Fig. 1) , sufficient disturbance rejection is achieved. However, when feedforward is applied, the numerator of (22) is virtually zero for "low" frequencies. Hence, in the case of feedforward, disturbance rejection does not depend on a high gain of the compensator.
For , and , the input impedance (17) can be approximated by ( is small)
(24) with (25) Using a regular control scheme , the input impedance of the boost PFC converter (24) has a positive real part and a negative imaginary part, indicating resistive-capacitive behavior. As a result, the inductor current of the boost PFC converter using a regular control scheme will lead the input voltage, causing a nonunity fundamental displacement power factor. Moreover, the input impedance will only approximate its desired value as long as . Hence, at low load and for increasing frequency the input impedance will not accurately represent the desired input impedance. However, if the control scheme with feedforward is applied , the input impedance (24) behaves resistive and is equal to its desired value independent of frequency or load conditions. Consequently, the boost PFC converter using a feedforward controller will have a fundamental displacement power factor close to unity and will behave resistive over a wide frequency range, guaranteeing superior behavior of the boost PFC converter.
Figs. 4 and 5 show Bode plots of the total input impedance (18) of the boost PFC converter for different values of the desired input conductance . The different parameters required to calculate (17) and (18) were chosen similar to those of the experimental setup (see Section IV). As the total input impedance also includes the input capacitor (18), the total input impedance always behaves capacitively as opposed to the input impedance . Nevertheless, the advantages of the current-control loop using feedforward over the one without feedforward are clearly visible. When feedforward is applied, the magnitude of the total input impedance remains nearly equal to the desired input impedance up to the frequency where the impedance of the input capacitor becomes significant (Figs. 4 and 5) . For the control scheme without feedforward, the magnitude of the total input impedance already sets appreciably at low frequencies. This effect is even more pronounced for high values of the desired input impedance (see the explanation in the previous paragraph concerning (24)). Moreover, the imaginary part of the total input impedance of the converter applying feedforward is much smaller in the low frequency range than for the converter without feedforward (Figs. 4 and  5) . Hence, application of feedforward guarantees a resistive behavior of the boost PFC converter for low frequencies and a fundamental displacement power factor close to unity.
The effect of duty-ratio feedforward on the converter behavior can also be explained by considering the response of the converter in (15) . This equation shows that the inductor current of the boost converter is determined not only by the control variable, the duty ratio, but also by two other variables, the input voltage and the output voltage. As the input voltage and the output voltage are uncontrollable, they can be considered as disturbances. By using duty-ratio feedforward, these disturbances are cancelled out. Hence, the current compensator is relieved of the task of disturbance rejection, resulting in a better inductor current tracking and in a resistive input impedance of the converter over a wide frequency range. Note that for continuous conduction mode the forwarded duty-ratio (12) is independent of the converter parameters or the used current compensator. In a real converter, the feedforward duty ratio (12) is calculated based on measured quantities that may differ slightly from the real quantities because of measurement errors. As a result, rejection of the input voltage, the major disturbance, is not always perfect. However, if measurement errors stay below 5%, the impact on the input impedance remains small and the THD of the line current and the fundamental displacement power factor remain virtually unaffected.
IV. EXPERIMENTAL RESULTS
The two current controllers were compared by using an experimental setup. The control for the boost PFC converter was implemented using the ADMC401 from Analog Devices. The switches of the boost rectifier are , MOSFET SPP20N60S5, and , diode RURP3060. The passive components used have an inductance of mH and a capacitance of F for a converter switching at 50 kHz. The converter is designed for an output voltage of 400 V dc and is rated at 1-kW output power for a line voltage range of 190-264 V ac. The parameters of the current controller are A, , and s. For the control scheme without feedforward the insertion of a low-pass filter in the signal path of the input voltage (19) with s is required for reasons of stability [2] . Conversely, when feedforward is used, no filtering of the input voltage is required to obtain stability, or s. To avoid that the input capacitor starts oscillating with the line inductance and the inductance of the converter , the oscillation frequency should be sufficiently lower than the switching frequency , or (26) with the minimum line inductance. If we assume that the minimum line inductance is 250 H, a value of F is sufficient to meet (26) 1 . Larger values of result in a deterioration of the fundamental displacement power factor and a more pronounced capacitive behavior of the convertor input. Decreasing the value of has a positive effect on the fundamental displacement power factor and the total input impedance of the converter. However, to satisfy condition (26), the minimum line inductance must be increased artificially, leading to a bulkier EMI filter.
To test the total input impedance, the boost PFC converter is supplied from a linear amplifier (PAS1000 from Spitzenberger & Spieß); the output of the convertor is connected to a resistor of 160 or 320 (depending on the chosen input impedance: 50 or 100 , respcetively). The line voltage and the line current (see Fig. 1 ) are measured directly with the power analyzer PM3000A from Voltech. So as to measure the small-signal total input impedance of the converter, the linear amplifier is set up to supply a small sinusoidal voltage (amplitude of 10 V) with a programmable frequency superposed on a dc voltage of 230 V. If the power analyzer is triggered on the ac portion of the measured quantities, the impedance function of the power analyzer can be used to retrieve the values of the total input resistance and the total input reactance (the real and imaginary parts of The grid waveforms obtained with the PFC converter using the current control scheme without and with feedforward are shown in Figs. 8 and 9 , respectively. The line current clearly leads the line voltage when no feedforward is applied (Fig. 8) , indicating that the total input impedance of the converter behaves capacitively. When feedforward is used, the waveshape of the line current almost perfectly coincides with the waveshape of the line voltage (Fig. 9 , note that the voltage waveform is hardly noticeable behind the line current). This shows that applying feedforward for a boost PFC converter allows one to obtain a higher fundamental displacement power factor.
Not only the fundamental displacement power factor is ameliorated by using feedforward, but also the THD of the line current is reduced and the zero-crossing distortion problem for high line frequencies is alleviated. These effects are demonstrated in Figs. 10 and 11 by connecting the boost PFC converter to a 400-Hz line. When no feedforward is used, the line current waveform is distorted severely (Fig. 10) . This zero-crossing distortion is caused by the leading phase of the inductor current relative to the input voltage (see Section III-D) and by the low damping factor in the input-current-control loop (both effects were explained in [13] ). However, when feedforward is applied, the leading phase of the line current is mainly caused by the external input capacitor and not by the inductor current . To further improve the fundamental displacement power factor in a 400-Hz grid, the input capacitance must be decreased and the minimum line inductance must be increased artificially (26). Nevertheless, the line current of the boost PFC converter using feedforward remains a high quality waveform with a low THD and virtually no zero-crossing distortion when connected to a high frequency grid (Fig. 11) . Due to the resistive nature of the total input impedance of the boost converter employing the proposed control algorithm (Figs. 6, 7) , the THD of the line current remains low as long as the THD of the line voltage is low. In an environment with a highly distorted line voltage, low line current THD is not guaranteed. However, the resistive input impedance provides damping to possible resonances in the line and improves the voltage THD in the entire power distribution network [15] .
V. CONCLUSION
The current-control loop commonly used for boost PFC converters operated in continuous conduction mode causes a leading phase of the inductor current relative to the input voltage. This effect results in a nonunity fundamental displacement power factor and in important zero-crossing distortion in applications with a high line frequency. To improve the behavior of the boost PFC converter a current-control scheme using feedforward of the duty ratio is proposed. To compare both the "classical" control scheme and the control scheme using feedforward, the input impedance of the boost PFC converter is calculated in both cases. The theoretical analysis shows that the input impedance of the converter using feedforward remains resistive with an almost constant magnitude over a wide frequency range. Hence, the main features of the converter using a current-control loop with duty-ratio feedforward are: a low THD of the line current, resistive input impedance, virtually no zero-crossing distortion and a fundamental displacement power factor close to unity.
